Non-viral sequences at the 5' ends of Dugbe nairovirus S mRNAs
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Analyses of the mRNA transcription processes of viruses in four genera (Bunyavirus, Hantavirus, Phlebovirus and Tospovirus) of the family Bunyaviridae have revealed a common mechanism of initiation using host-derived primers, known as cap-snatching. To provide similar information on the fifth genus in the family, the 5' ends of Dugbe nairovirus S mRNA species were specifically cloned and sequenced. This revealed the presence of non-viral heterogeneous sequences, five to 16 nucleotides in length (average of 10 nucleotides) at the 5' ends, confirming that cap-snatching to prime mRNA synthesis is a familial characteristic of the Bunyaviridae. Inspection of the sequences in the primers on nairovirus, bunyavirus and phlebovirus mRNAs suggests that in some cases polymerase slippage occurs shortly after initiation, resulting in a partial reiteration of the 5'-terminal nucleotides of the viral RNA.
The family Bunyaviridae contains more than 300 mainly arthropod-borne viruses which share certain morphological and biochemical characteristics. Virus particles are spherical, about 90 to 100 nm in diameter, and enveloped with glycoprotein spikes. Virions contain three unique segments of ssRNA [designated L (large), M (medium) and S (small)] in the form of ribonucleoprotein complexes termed nucleocapsids, which comprise RNA, the nucleocapsid (N) protein and minor amounts of the L protein, the viral transcriptase. The L RNA segment encodes the L protein, the M segment encodes the glycoproteins and the S segment encodes the N protein; some viruses also encode non-structural proteins in the M and S segments. Virus replication occurs in the cytoplasm of infected cells and virions mature by budding into smooth-surface vesicles in or near the Golgi (see reviews by Bishop, 1990; Elliott, 1990; Schmaljohn & Patterson, 1990; Kolakofsky, 1991) . However, relatively few viruses that are classified into the family have actually been characterized at the molecular level, and classification is largely on serological and morphological grounds. The family is currently subdivided into five genera: Bunyavirus, Hantavirus, Nairovirus, Phlebovirus and Tospovirus (Calisher, 1991) .
For the Bunyavirus, Hantavirus, Phlebovirus and Tospovirus genera the processes of viral mRNA synthesis have been investigated and have revealed a common t Present address: Department of Biochemistry, Molecular and Cell Biology, Northwestern University, Evanston, Illinois 60208-3500, U.S.A. mechanism for initiation of mRNA transcription. Viral mRNAs contain short [10 to 18 nucleotide (nt)] heterogeneous sequences at their 5' ends, which are presumably derived from cellular mRNAs and are used to prime mRNA synthesis (Bishop et al., 1983 ; Patterson & Kolakofsky, 1984; Eshita et al., 1985; Ihara et al., 1985; Collett, 1986; Bouloy et al., 1990; Simons & Pettersson, 1991; Kormelink et al., 1992; Jin & Elliott, 1993) . This process, dubbed cap-snatching, was originally described for the initiation of influenza virus mRNA synthesis (reviewed by Krug, 1981) . Expression of the Bunyamwera bunyavirus L protein in a recombinant vaccinia virus also demonstrated that mRNAs were initiated with heterogeneous primers (Jin & Elliott, 1993) and in vitro it has been shown that dinucleotides such as ApG, cap analogues (such as mTGpppA) and natural mRNAs (such as alfalfa mosaic virus RNA 4) stimulate transcriptase activity (Patterson et al., 1984) . Bishop (1986) has argued that the mode of RNA transcription and replication of viruses is likely to be more conserved than other characteristics, and hence from evolutionary and taxonomic standpoints it is important to determine whether nairoviruses employ a transcription strategy similar to that of the other members of the Bunyaviridae.
The Nairovirus genus is divided into seven serogroups [Crimean-Congo haemorrhagic fever (CCHF), Dera Ghazi Khan, Hughes, Nairobi sheep disease, Qalyub, Sakhalin and Thiafora; Casals & Tignor, 1980; Clerx et al., 1981; Zeller et al., 1989] and includes a serious human pathogen in CCHF virus. At the molecular level, nairoviruses are the least well characterized viruses in the
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Bunyaviridae, but recently the nucleotide sequences of the S segments of Dugbe, CCHF and Hazara viruses (Ward et al., 1990; and Dugbe virus M segment have been reported. The S segment encodes the N protein, approximately 50K, as the only polypeptide in the viral complementary RNA. The M segment encodes the viral glycoproteins G1 and G2 as part of a polyprotein precursor but the processing of the primary product appears more complex than the processing of the analogous product encoded by other members of the
Bunyaviridae.
To investigate nairovirus mRNA synthesis we analysed the 5' ends of Dugbe virus S mRNAs extracted from infected cells. The prototype strain of Dugbe virus, IbAr 1792, was originally obtained from Dr J.S. Porterfield, University of Oxford, and propagated in BS-C-1 cells (Watret et al., 1985) . Dugbe virus mRNAs were prepared by centrifugation of an infected BS-C-1 cell lysate on a 20 to 40 % CsC1 gradient; mRNA pellets under these conditions, whereas encapsidated RNAs, i.e. nucleocapsids, sediment at a density of 1.31 g/ml (Patterson & Kolakofsky, 1984) . The specific cloning of the 5' ends of the mRNAs followed the protocol of Dumas et al. (1991) which we had successfully adapted to analyse the 5' ends of Bunyamwera bunyavirus mRNAs (Jin & Elliott, 1993) . Briefly the mRNA was reversetranscribed using an oligonucleotide (DUG1) complementary to nt 346 to 366 of Dugbe virus positive-sense S RNA (5' CAGAGTTTGATGAAGTCTTTG) based on the sequence of the ArD 44313 Dugbe virus isolate given by Ward et al. (1990) . After removal of the template RNA the single-stranded cDNA was ligated to the 3' blocked oligonucleotide $4 (5' TCCTGCAGGTC GACTCTAGAATATGATGCG[ddATP]; Jin & Elliott, 1993 ) using T4 RNA ligase. The cDNA was amplified by PCR: 30 cycles of denaturation at 94 °C for 30 s, annealing at 55 °C for 30 s and extension at 72 °C for 1 min, using oligonucleotides $3 (5' TATTCTAGAGTC GACCTGCA, complementary to part of $4), and DUG2 (5' TCTTCTGCACTACACCTGTA, complementary to bases 304 to 323 of the ArD 44313 sequence). After endrepair with DNA polymerase I, the blunt-ended PCR products, approximately 340 bp in length, were ligated into the SmaI restriction enzyme site of pUCll9. Nucleotide sequences were determined by the dideoxynucleotide-chain termination method with alkalidenatured dsDNA as template (Sambrook et al., 1989) and both 'universal' and 'reverse' M 13 sequencing primers (Pharmacia-LKB). This procedure enabled the sequence of the entire cloned product to be determined.
The sequence of the 323 nt from the 5' end of Dugbe virus IbAr 1792 strain positive-sense S RNA was obtained from 24 independent plasmid isolations and no differences between these clones were noted. When compared to the sequence of the ArD 44313 strain (Fig.  1 a) four base substitutions were found, two of which were in the coding region for the N protein; the A to G change at position 235 does not affect the encoded amino acid whereas the U to C change at position 270 results in a Val to Ile change at residue 62 in the N protein of the IbAr 1792 strain. Both Hazara and CCHF viruses have Ile at this position in their N proteins . In addition there was an insertion of CG in the IbAr 1792 sequence between bases 24 and 25 in the ArD 44313 sequence. Comparison of the Y-terminal sequences of the available nairovirus S RNAs (Fig. 1 b) shows that Hazara and CCHF viruses also have CG at this position. Whether this observation reflects a true deletion in the Dugbe virus ArD 44313 strain S RNA segment or is the result of an artefact during the cDNA synthesis and cloning of this segment is not known. The difference noted in the Dugbe virus ArD strain may be significant because it would affect the potential for basepairing between the 3' and 5' ends of the S RNA .
All of the plasmids sequenced which contained the Dugbe virus S segment cDNA also had additional nucleotides between the 5' end of the viral sequence and the $4 oligonucleotide sequence, indicating that Dugbe virus S mRNAs do indeed contain 5' primers. The sequences of 24 of these primers are shown in Fig. 2 . The 5' non-viral sequences were heterogeneous, ranging in length from five to 16 nt (average of 10 nt) and had an overall base composition of 58.5 % G + C residues. This result is thus similar to that seen with viruses in the other genera of the family Bunyaviridae, and confirms that mRNA initiation by a cap-snatching mechanism can be listed as a familial characteristic.
In the case of bunyavirus and phlebovirus mRNAs, but not the nairovirus mRNAs reported here, the + 1 nucleotide in the viral RNA was sometimes missing (Bishop et al., 1983; Bouloy et al., 1990; Simons & Pettersson, 1991; Jin & Elliott, 1993) . A similar observation was made for influenza virus mRNAs synthesized in vitro, and it was interpreted that mRNA synthesis was initiated on the penultimate nucleotide of the template RNA, and that base-pairing between the Y end The figure is based on data given in this paper lbr nairovirus, Jin & Elliott (1993) for bunyavirus, Simons & Pettersson (1991) for phlebovirus and Shaw & Lamb (1984) for influenza virus.
of the cleaved primer and the template was not required (Krug, 1981) . Examination of the non-viral sequences at the 5' ends of Dugbe virus S mRNAs shows that all but one of the primers has a C residue at the -1 position, 14 of 24 have UC at positions -1 and -2 and 11 of 24 have CUC at positions -1 to -3 (Fig. 2) . This could be taken to indicate that the endonuclease activity which generates the primers cleaves preferentially after a C residue but it is striking that the 3' end of the primer resembles the 5" end of the viral RNA (Fig. 3) . The similarity between the 3' end of the primer and the 5' end of viral RNA has also been recorded previously for bunyaviruses and phleboviruses ( Fig. 3) : in an analysis of Germiston bunyavirus S mRNAs, nine of 19 primers were shown to have GU at positions -1 and -2 (Bouloy et al., 1990 ) and for Bunyamwera virus mRNA, AGU at positions -1 to -3 was present in 10 of 21 primers (Jin & Elliott, 1993) ; for Uukuniemi phlebovirus NSs mRNA, six of 11 clones had AC at positions -1 and -2 (Simons & Pettersson, 1991) . Analyses of in vivo synthesized influenza virus mRNAs showed an apparent preference for CA or GCA at the 3' end of the primer (Beaton& Krug, 1981 ; Lamb et al., 1981 ; Shaw & Lamb, 1984) ; the terminal sequence of positive-sense RNA is 5'AGCA (Fig. 3) . It is possible that a specific subset of host cell RNAs are used to generate primers, particularly those which allow partial base-pairing with the 3' end of the viral template. However, following sequence analysis of Germiston virus S mRNAs synthesized in vitro, where the major source of the RNA to generate primers was 0c-and flglobin mRNAs, a number of instances of the apparent insertion of U or GU between the presumed site of cleavage in the globin mRNA and the 5' end of the viral RNA were observed (Vialet & Bouloy, 1992) . Circumstantial evidence for the 'insertion' of GU or AGU between primer and viral sequences was presented in the case of in vivo synthesized Bunyamwera virus mRNAs (Jin & Elliott, 1993) .
Although a number of hypotheses could account for all the above observations (see Shaw & Lamb, 1984; Vialet & Bouloy, 1992) , our favoured explanation is that following initiation of transcription, the first two or three nucleotides which are incorporated may slip backwards on the template before further elongation occurs, resulting in a partial reiteration of the 5' viral terminal sequence. Controlled polymerase slippage has been described for paramyxovirus transcription (reviewed by Vidal et al., 1990) , and a similar mechanism has been proposed and discussed to explain the presence of a nontemplated G residue at the 5' end of arenavirus positivesense RNAs (Garcin & Kolakofsky, 1990 . Experiments using purified polymerase components and defined RNA templates and primers will be required to understand these processes fully.
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